Introduction
The O-antigen polysaccharide (PS) is the most variable portion of the lipopolysaccharide (LPS), giving rise to a large number of serotypes among Gram-negative bacteria. It usually consists of oligosaccharide repeating units, and the genes encoding for the enzymes responsible for its biosynthesis are commonly located in a single cluster in the bacterial chromosome, between the galF and gnd genes; in some cases, additional genes can also be found in the region between the gnd gene and his operon. In this regard, three major classes of proteins can be recognized: (i) enzymes required for the biosynthesis of sugar precursors, (ii) glycosyltransferases (GTs) and (iii) O-antigen processing proteins (e.g. the flippase (Wzx), polymerase (Wzy) and copolymerase (Wzz)) (Raetz and Whitfield 2002; Samuel and Reeves 2003; Valvano et al. 2011) . Escherichia coli strains can use either the Wzy/Wzx-dependent or the ABC-transporter pathway to assemble the O-specific chain, giving rise to heteroor homopolysaccharides, respectively, with the former being the most widely distributed among these strains. In the Wzx/ Wzy-dependent pathway the biosynthesis of the O-antigen PS initiates in the cytoplasmic side of the cell membrane, where the WecA enzyme catalyzes the formation of an undecaprenyl pyrophosphate (Und-PP) derivative of GlcNAc. As a consequence of the specificity of the WecA enzyme for GlcNAc, most of the PSs generated using this pathway have this monosaccharide residue located at the reducing end of their biological repeating units. However, in some cases, the GlcNAc residue can be epimerized to GalNAc by the action of a GlcNAc-P-P-Und epimerase, giving rise to PSs with biological repeating units having a GalNAc residue located at their reducing ends instead of a GlcNAc residue (Rush et al. 2010 ). In the subsequent steps, the oligosaccharide precursor of the biological repeating unit is built by the sequential action of a set of GTs, which are highly specific to sugar donors, sugar acceptors and the linkages between them. The oligosaccharide linked to Und-PP is then translocated to the periplasmic face of the cytoplasmic membrane by the Wzx flippase and further polymerized by the Wzy polymerase; the length of the polymer is regulated by the Wzz copolymerase (Raetz and Whitfield 2002; Caroff and Karibian 2003; Valvano et al. 2011) .
The Escherichia coli O-antigen database (ECODAB) (Stenutz et al. 2006) has recently been expanded to include genetic information about the GTs involved in the biosynthesis of the E. coli O-antigen PSs (Lundborg et al. 2010) . The functions of many of them were predicted using BLAST similarity searches (Altschul et al. 1990) , and this information was used to suggest structural elements of the repeating units of the O-antigen PSs of unknown structure (Lundborg et al. 2010 ). These predictions have later been shown to be quite successful, once the structure of the O-antigen PS E. coli O177 was determined (Svensson et al. 2011a ). Herein, we report a methodology for the structural elucidation of bacterial O-antigen PSs that employs the computer program CASPER (http://www. casper.organ.su.se/casper/) and combines biosynthetic information available in the ECODAB (http://www.casper.organ.su.se/ ECODAB/) with unassigned experimental NMR data. The automated procedure consists of three steps: (i) identification of the corresponding serogroup in the ECODAB, (ii) submission of the possible structural elements as restrictions to the CASPER program (this is carried out automatically by clicking in a link available in the ECODAB) and (iii) input of unassigned experimental NMR data to the CASPER program. When using GT information to determine the structural elements in the "determine structure" module of the CASPER program, the information in the ECODAB is used to provide CASPER input, transparently to the user. The structural input can thus consist of possible carbohydrate residues, their linkage positions and their linkage orders, but in many cases there are several possible residues and linkage positions, related to each GT, that need to be tested by CASPER. The software evaluates only those structures that are consistent with the biosynthetic information and returns a list of possible candidates ranked according to the deviation between predicted and experimental 1 H and 13 C chemical shifts. This newly developed methodology has successfully been implemented in the elucidation of the hitherto unknown structure of the O-antigen PS of E. coli O59 (Ørskov and Ørskov 1984) , and the procedure is outlined in Figure 1 . (Guo et al. 2005) , and their functions were predicted using BLAST similarity searches (Table I) (Lundborg et al. 2010 ). The WclB GT was proposed to catalyze the formation of two consecutive glycosidic linkages due to its significant similarity with the MtfB mannosyltransferase of E. coli O9 (33% identity, E-value = 8 × 10 -36 ) (Kido et al. 1995; .
Unassigned experimental data from a decoupled 1 H, 13 C HSQC NMR spectrum of the LPS-OH ( Figure 2C and D and Supplementary data, Table SI) was used as input information to the CASPER program, as well as the magnitude of the coupling constants obtained from the anomeric resonances in the 1 H NMR spectrum (three small and two medium). The calculation ( 3 s) returned a list of possible structures with a small score difference between the first and the second, but a larger difference with respect to that ranked in the third position ( Figure 3 and Supplementary data, Table SII and Figure S1 ); as a consequence, only the two top-ranked structures were considered as possible candidates.
An alternative approach, employing a methodology previously developed in our laboratory , was used to validate these results and it is outlined in the Supplementary data, Figure S2 . In this approach, the prehydrolyzed O-deacetylated PS of E. coli O59 was subjected to (+)-2-butanolysis, and the resulting mixture was analyzed by NMR spectroscopy without further purification. Both C NMR spectra were recorded, and the chemical shifts were extracted using automatic peak picking (cf. Supplementary data, Table SIII) . The data were then analyzed using the CASPER program (calculation time 1 s), which returned a list of three possible components: D-Man, D-GlcNAc and D-GalA (cf. Supplementary data, Table SIV ). These results were used as input information to the "determine structure" module of the CASPER program, in addition to the NMR data from the LPS-OH. The two top-ranked structures suggested by the CASPER program using this alternative approach were identical to those obtained in the approach that utilized GT information (Supplementary data, Table SV and Figure S3 ).
In both approaches, the score difference between the structures ranked in the first and second positions could not be improved using the additional NMR data from the Supplementary data, Table SI , as input information, but the top-ranked structure (Figure 3 , top) was confirmed as the correct one by full characterization of the spin system of the 3,6-disubstituted mannosyl residue (residue B) using intra-correlations from a 2D Figure S4F and G). One should note that the three top-ranked structures (Figure 3 ) constitute positional isomers in which only one of the three mannosyl residues is 6-substituted. In the case of the 1 H, 1 H TOCSY spectra, the current version of the CASPER program only evaluates correlations from anomeric protons, and assignment of the H3-H6 resonances of mannosyl residues can be hampered when several of these residues are present in the repeating unit. However, the H6 resonances in the 6-substituted mannosyl residue were readily identified using correlations form the respective H2 proton (cf. Supplementary data, 
The functions of the GTs involved in the assembly of the O-antigen PS of E. coli O59 were previously proposed using similarity searches on each of the three GTs identified in the O-antigen gene cluster (Guo et al. 2005; Lundborg et al. 2010 ).
a In order to contemplate the possibility of promiscuity of some GTs, the software will also consider the uronic acid of the corresponding monosaccharides listed as possible donor-acceptor. b Note that this GT has been added twice, as it was observed that the PS was composed of pentasaccharide repeating units (five anomeric resonances were observed in the 1 H NMR spectrum) and, on the other hand, the WclB GT shares a significant similarity with the MtfB and MtfA GTs of E. coli O9 that each have been proposed to catalyze the formation of two consecutive glycosidic linkages (Kido et al. 1995; . Table III . Identification of the O-acetylated residues in the native PS was accomplished by comparison of the 1 H, 13 C HSQC spectrum of the lipid-free PS with that of the LPS-OH. Only those correlations from the D-GalpA residues represented significant chemical shift differences that could be attributed to perturbations due to O-acetylation (Jansson et al. 1987) . H NMR spectrum of the native LPS showed that the ratio of D-GalpA3Ac and D-GalpA4Ac was 30 and 70%, respectively. This ratio was slightly different in the lipid-free PS preparation (50% each) and was attributed to migration of the O-acetyl groups during preparation and/or purification of the material (Roslund et al. 2008; Rönnols et al. 2013) . The structure of the biological repeating unit of the O-antigen PS of E. coli O59 is shown in Figure 7 , bottom, and the names of the GTs predicted to catalyze the formation of the different linkages are annotated in Figure 7 , middle, in the proximity of the line representing the respective glycosidic linkages.
In addition to the ORFs that encode for three putative GTs (wclA, wclB and wclC) and the polymerase (wzy), two genes that encode enzymes involved in the biosynthesis of the D-Man residue (manC and manB) were previously identified in the region between the galF and gnd genes (Figure 7, top) . Furthermore, the region between the gnd gene and hisI operon Fig. 3 . CASPER output of the five top-ranked structures, in CFG format, for the O-deacetylated repeating unit of the O-antigen PS of E. coli O59. The relative deviations for structures 1-5 are 1.00, 1.02, 1.13 1.14 and 1.16, respectively. For standard carbohydrate listing of the ten top-ranked structures see Supplementary data, Table SII. 
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contained not only the wzx and wzz genes but also those predicted to encode for two enzymes involved in the biosynthesis of the galacturonic acid precursor (ugd and gla) and an acetyltransferase (wclD) (Guo et al. 2005 ). According to the structure of the biological repeating unit of the O-antigen PS of E. coli O59 reported herein, the latter is anticipated to catalyze the O-acetylation of the galacturonosyl residue.
In conclusion, the developments presented in this work have led to a rapid automatic structural elucidation of the biological (Jansson et al. 1989 ) are given in parentheses. repeating unit of a bacterial PS using predicted functions of GTs already available in the ECODAB. Even though different types of NMR data can be submitted to the CASPER program, in this particular case only chemical shifts correlations from a single 2D spectrum were sufficient to obtain the results in less than 3 s on a personal computer. This methodology does not require information about the identity and absolute configuration of the component monosaccharides (which is inferred from the GT predicted functions), avoiding the preparation and analysis of additional derivatized samples altogether.
Materials and methods
Bacterial strain, conditions of growth and isolation of the LPS E. coli O59, strain CCUG11362, was obtained from the Culture Collection, University of Gothenburg. The bacterium was grown and the LPS isolated as previously described (Svensson et al. 2011b ).
Preparation of the lipid-free PS The LPS (10.6 mg) was dissolved in 2 mL of 1% AcOH ( pH 3) and stirred for 90 min at 100°C. The lipid A was removed by centrifugation at 15,000 × g for 20 min at 4°C, and the supernatant was adjusted to pH 5 by adding 1 M NaOH very slowly and under continuous stirring at 0°C. The solution was then dialyzed against distilled water for 3 days and purified by gel permeation chromatography using an ÄKTApurifier system equipped with a HiLoad™ 16/60 Superdex™ 30 column (GE Healthcare).
Preparation of the LPS-OH
The LPS (13.4 mg) was treated with 1 mL of NH 4 OH 12.5% for 23 h at 37°C. The solution was then neutralized with 4 M HCl, dialyzed against distilled water for 2 days, lyophilized and purified by gel permeation chromatography as described above.
Preparation of the (+)-2-butyl glycosides
The PS (3.0 mg, pH 7) was O-deacetylated by keeping the sample at 60°C until disappearance of the 1 H NMR resonances of the methyl protons of the O-acetyl groups (24 h). The O-deacetylated PS was then hydrolyzed with 2 M TFA (1.5 mL, 120°C) for 30 min and the (+)-2-butyl glycosides prepared as described before . ) CryoProbes and the chemical shifts are reported in ppm using internal sodium 3-trimethylsilyl-(2,2,3,3-2 H 4 )-propanoate (δ H 0.00) or external 1,4-dioxane in D 2 O (δ C 67.40) as references. The NMR spectra of the LPS-OH (7.1 mg) were recorded in D 2 O solution (0.55 mL) at 60°C at a 1 H frequency of 500 MHz, with exception of the 13 C NMR spectrum, which was recorded at the higher magnetic field. The NMR spectra of the PS (2.7 mg) were recorded in D 2 O solution (0.55 mL, pD 5) at 25°C on a 700 MHz spectrometer, whereas the (+)-2-butyl glycosides were analyzed as a D 2 O solution (0.18 mL, in a 3 mm NMR tube) at 70°C using a 500 MHz spectrometer.
NMR spectroscopy
Outline of the procedure used by the CASPER program The script to generate CASPER input based on GT data in ECODAB is written in Python. The procedure is:
1. CASPER input from the web interface:
• Chemical shifts (of any combination of experiments)
• Chemical shift corrections 
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• Number of minimal J H1,H2 and J C1,H1 coupling constants in respective ranges • WecA rule 2. Read ECODAB entry 3. Sort residues in order of linkages (if specified) 4. If the reducing end of the repeating unit is not identified from the linkage order:
• Set it to α-D-GlcNAc, β-D-GlcNAc, α-D-GalNAc or β-D-GalNAc • Otherwise add the acceptor of the first linkage as the first unit.
Iterate through the donors of the linkages:
• Add the residues specified. If there are multiple possible donor residues for one linkage add all of them as possible residues in the structure determination.
• If the possible residues are Glc, Gal or Man also add the corresponding uronic acid as a possible alternative (e.g. if α-D-Glc is listed also add α-D-GlcA as an alternative).
• If the linkage order is specified:
Restrict the CASPER structure determination by requiring that the residues are connected. If the glycosylation position of the acceptor is specified, then add the respective "linkage position restriction" to the CASPER structure determination.
• Otherwise:
Try to determine which residues are linked together by comparing the acceptor of a specific GT with the available donors for the other GTs. If there is a unique match of the acceptor in the list of donors then mark the residues as linked together, as well as the linkage position (if this information is available in the GT information). If the linkages can be deduced, restrict the possible linkages in the CASPER structure determination as mentioned above. 6. Submit input to CASPER.
Supplementary data
Supplementary data for this article are available online at http:// glycob.oxfordjournals.org/. Chemical shift differences when compared with corresponding monosaccharide (Jansson et al. 1989 ) and the CASPER predictions are given in parentheses and braces, respectively. The ratio of D-GalpA3Ac and D-GalpA4Ac in the lipid-free PS material was 1:1, respectively, whereas in the native LPS the ratio was 3:7. This difference was attributed to migration of the O-acetyl groups during preparation and purifications of the lipid-free PS material. n.d., not determined. 
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Abbreviations
BLAST, basic local alignment search tool; CASPER, computerassisted spectrum evaluation of regular polysaccharides; CFG, consortium for functional glycomics; GalA, galacturonic acid; GlcNAc, 2-acetamido-2-deoxy-glucose; ManA, mannuronic acid; ECODAB, Escherichia coli O-antigen database; GT, glycosyltransferase; H2BC, heteronuclear 2-bond correlation; HMBC, heteronuclear multiple-bond correlation; HSQC, heteronuclear single-quantum correlation; LPS, lipopolysaccharide; LPS-OH, O-deacylated lipopolysaccharide; NMR, nuclear magnetic resonance; NOESY, nuclear Overhauser effect spectroscopy; ORF, open reading frame; PS, polysaccharide; TFA, trifluoroacetic acid; TOCSY, total correlation spectroscopy.
